High soil moisture usually favors soybean sudden death syndrome (SDS), caused by Fusarium virguliforme (Fv), but the effects of the duration of the flooding period and accompanying anaerobic conditions on the soybean-Fv interaction are not clear. Greenhouse studies were conducted using susceptible and resistant cultivars exposed to the following treatments: 3, 5, or 7 days of continuous flooding, repeated short-term flooding of 8 h/week for 3 weeks, and a no-flood check treatment. At 7, 14, and 21 days after flooding (DAF), seedlings in the noflood, 3-day, and repeated short-term treatments showed the highest root rot and foliar symptom severity, whereas seedlings in the 7-day treatment showed the lowest severity. Fv inoculum density in soil was lowest in the 7-day flooding treatment. In a hydroponic system, the steady transcript levels of soybean defense genes and Fv candidate virulence genes were measured in response to different oxygen levels using qPCR. Fv-infected roots exposed to 12 h of anaerobic conditions showed down-regulation of the defense-related soybean genes Laccase, PR3, PR10, PAL, and CHS, and the Fv virulence genes pectate lyase (PL), and Fv homolog of the pisatin demethylase (PDA). Our study suggests that short-term flooding tends to increase SDS, while prolonged flooding negatively impacts SDS due to reduction of Fv density in soil. Moreover, anaerobic conditions down-regulate both soybean defense genes and Fv candidate virulence genes.
Soybean [Glycine max (L.) Merrill] sudden death syndrome (SDS), caused by the soilborne fungus Fusarium virguliforme (Fv), is a devastating disease in North and South America (Covert et al. 2007 ). In the last two decades, SDS has been ranked among the top 10 soybean diseases in the United States with average economic losses estimated at 190 million dollars annually between 1999 and 2004 due to yield reduction (Leandro et al. 2012; Wrather and Koenning 2006) . Under cool, wet soil conditions, the fungus causes root rot and reduces root biomass. Later in the season, usually during soybean reproductive stages, the fungus secretes toxins that cause foliar interveinal chlorosis, necrosis, premature defoliation, and pod abortion (Jin et al. 1996; Roy 1997) . SDS epidemics are highly dependent on environmental conditions, such as temperature and high soil moisture, both at vegetative and reproductive growth stages (Gongora-Canul and Leandro 2011; Leandro et al. 2013; Scherm et al. 1998; Scherm and Yang 1996) . Thus, understanding the effect of temperature and high soil moisture on the Fv-soybean interaction is important for improving SDS disease management strategies, which currently rely primarily on the use of host resistance (Hartman et al. 2015) .
Flooding stress due to excess rainfall and/or poorly drained soil is considered the second most damaging abiotic stress to crop production after drought (Bailey-Serres and Colmer et al. 2014; Mittler and Blumwald 2010; Setter and Waters 2003) . In the United States, waterlogging adversely affects about 16% of soils (Boyer 1982) . Soybean is highly sensitive to flooding stress (Wuebker et al. 2001 ); pre-emergence flooding for as few as 24 h can reduce emergence by 50%, and flooding at early vegetative or reproductive stages reduces soybean yield by up to 43% and 56%, respectively (Scott et al. 1989; Sullivan et al. 2001 ). In addition, flooding and saturated soils can predispose soybeans to pathogen infection (Bostock et al. 2014; Dorrance et al. 2003a; Kirkpatrick et al. 2006b Kirkpatrick et al. , 2006a . For example, root rot and damping-off caused by Pythium spp., Phytophthora spp., Rizoctonia solani, and Fusarium spp. are more severe in flooded or high soil moisture fields than in nonflooded fields (Dorrance et al. 2003b; Kirkpatrick et al. 2006b Kirkpatrick et al. , 2006a . Similarly, wet soils, irrigated fields, and years with above-average rainfall or flooding events favor SDS (De Farias Neto et al. 2006; Leandro et al. 2013; Melgar et al. 1994; Scherm and Yang 1996) , and major outbreaks in Iowa have coincided with years of extreme flooding : 1993 . However, there is no information about how and why excessive soil moisture is associated with severe SDS, nor how soybeans respond to these conditions.
Flooding triggers a decrease in oxygen levels and a build-up of CO 2 and toxic compounds in the root zone (Boru et al. 2003; Kozlowski 1984) . In soybean, lack of oxygen supply is accompanied by inhibition of respiration and mineral uptake, reduction in leaf photosynthesis, suppression of root nodulation, root injuries, and reduced growth and development (Henshaw et al. 2007; Linkemer et al. 1998 ). Flooding or low-oxygen stress causes down-regulation of genes involved in biosynthesis of phenylpropanoids, lignin, and flavonoids, which play important roles in defense against plant pathogens (Nanjo et al. 2011) . Suppression of root growth and lateral root formation were also observed in flooded soybean due to down-regulation of genes involved in cellulose synthesis (Nanjo et al. 2011) .
To protect themselves against biotic stress, plants possess a battery of defense mechanisms, including physical and chemical barriers to prevent pathogen infection and further spread (Bostock et al. 2014) . For example, studies on the soybean-Fv interaction (Iqbal et al. 2009; Radwan et al. 2011; Yuan et al. 2008) reported that infected roots had increased transcript levels of defense-related genes, including: (i) pathogenesis-related proteins such as PR-1, PR-5, and PR-10; (ii) genes associated with the phenylpropanoid pathway such as phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS); and (iii) genes involved in cell wall lignification, such as laccase. On the other side, pathogens produce pathogenicity-related proteins or enzymes and virulence factors to invade their hosts and cause disease (Maor and Shirasu 2005) . For instance, Fv secretes a low molecular-weight 13.5-kDa acidic protein, named FvTox1, that causes the development of SDS leaf symptoms on soybeans (Pudake et al. 2013) . Similarly, the pea pathogens F. oxysporum f. sp. pisi and Nectria hematococca (teleomorph of F. solani) produce pisatin demethylase (PDA) to detoxify pisatin, a phytoalexin in peas (Coleman et al. 2011) . In Alternaria brassicicola, the causal agent of black spot disease of Brassica species, deletion of the pectate lyase (PL) gene reduced virulence by approximately 30% compared with the wild-type strain (Cho et al. 2015) . The role of PDA and PL on Fv virulence is unknown. Research is also needed to understand how these defense mechanisms are affected during Fv infection in combination with the abiotic stress resulting from flooding and low oxygen.
It is unclear if increased SDS disease severity under high soil moisture is caused by physiological stress on soybean, by stimulation of Fv activity, or by both factors. In this study, we hypothesized that flooding and the associated reduction in soil oxygen level would increase SDS severity compared with no flooding and normal oxygen conditions. The objectives of this study were to assess the effects of (i) flooding duration on SDS disease development in greenhouse plants and (ii) low oxygen levels in a hydroponic system on the soybean-Fv interaction by measuring the expression of the soybean defense genes and Fv candidate virulence genes.
Materials and Methods
Inoculum preparation. Fv isolate Mont-1 was used as the inoculum source in all trials. For spore suspension preparation, cultures were grown on potato dextrose agar media (PDA) for 28 days at room temperature in darkness. Plates were flooded with 20 ml of sterile distilled water, conidia were dislodged with a rubber policeman, and suspensions were filtered through a double layer of sterile cheesecloth. The conidia were quantified using a hemocytometer and adjusted to 10 6 conidial/ml using sterile distilled water. Inoculum was prepared following the procedure described by Munkvold and O'Mara (2002) . A mixture of sand (1900 ml), corn meal (380 ml), and distilled water (110 ml) was autoclaved in 20 cm × 30 cm bags (Fisher Scientific, Pittsburg, PA) for 1 h at 121°C on two consecutive days. Each bag was then inoculated with 2 ml of the spore suspension, or with 2 ml of sterile distilled water for controls. The bags were incubated in the dark, at room temperature, for 6 days with daily mixing by hand to keep uniform distribution of the fungus.
Effect of flooding on SDS. Soybean cultivars Williams 82 (susceptible to SDS) and MN1606 (resistant to SDS) were used in all greenhouse experiments. Before planting, the prepared Fv inoculum was mixed, at a ratio of 1:10 (v/v), with a 2:1 mixture of pasteurized sand:soil. Noninfested soil was used for controls. Styrofoam cups (236 ml) were filled with the infested mixture, and four seeds were sown per cup, 2 cm below the soil surface. Plants were grown in the greenhouse at 24°C and a 16-h photoperiod, with daily watering to avoid dehydration. At the unifoliate stage (Fehr et al. 1971) , seedlings were thinned to two plants per cup, then exposed to different flooding periods by submerging the cups in plastic basins (88.1 cm L × 41.9 cm W × 15.2 cm H) and maintaining the water level 2 cm above the soil surface during the flooding periods. The unifoliate stage was selected because soybean are particularly susceptible to flooding stress at this stage (Scott et al. 1989; Sullivan et al. 2001) , and to expose the plants to flood stress before SDS foliar symptoms typically appear in greenhouse conditions (Gongora-Canul and Leandro 2011). The flooding treatments were as follows: continuous flooding for 0 days (no-flood control), 3, 5, and 7 days, or a repeated short-term flooding of 8 h/week for 3 weeks. The repeated short-term treatment was applied by exposing the plants to 8 h of continuous flooding in the first day of each week, and repeating this process for two more weeks (Sah et al. 2006) . After each flooding period, the cups were moved to the bench and allowed to drain, and then regular watering resumed. For the noflood control treatment, plants were maintained on the bench and watered as needed to avoid dryness.
A 2 × 5 × 2 factorial experiment encompassed two cultivars (Williams 82 and MN1606), five flooding treatments (no flood, repeated shortterm flooding (RS), and 3, 5, and 7 days), and two Fv inoculation levels (inoculated and noninoculated) in a completely randomized design. There were 10 replicate cups per treatment combination for each of three assessment times and the experiment was conducted three times. Twenty plants (two per each of 10 cups) were destructively sampled and used for root rot and foliar disease ratings 7, 14, and 21 DAF (days after start of flooding). Root rot and foliar symptom severity were rated visually as the percentage of root area showing brown or black discoloration, and percentage of leaf area showing chlorosis and/or necrosis, respectively. Area under the disease progress curve (AUDPC) was calculated for SDS foliar and root rot severity (Simko and Piepho 2012) . Root and shoot dry weight were measured on five arbitrarily selected plants (one per cup) by rinsing in tap water to remove soil particles, and drying the root and shoots separately in an oven at 70°C for 1 or 2 days.
Fv population density in soil was assessed in three randomly selected cups planted with Williams 82, following protocols of Rupe et al. (1997) . One gram of soil was placed in 100 ml of sterile distilled water in a 250-ml flask, and 10-fold serial dilutions were prepared ranging from 10 −1 to 10 −3. A volume of 0.2 ml was transferred from each 10 −3 dilution and spread over two plates of modified Nash and Snyder's medium (MNSM) using a rubber policeman. The 10 −3 dilution was used as it showed countable number of Fv colonies in preliminary tests. There were a total of 6 plates (3 cups × 2 plates) per treatment. The plates were incubated at room temperature for 5 days in the dark, and the numbers of colonies obtained were used to calculate the number of colonies forming units per gram of soil (CFU/g soil).
Effect of oxygen level on the soybean -Fv interaction. To examine the effect of anaerobic (no oxygen) and hypoxic (low oxygen) conditions on the soybean-Fv interaction, we analyzed the expression of selected host defense related genes and Fv candidate virulence genes in Fv-inoculated soybean roots subjected to different oxygen levels, as described below. Soybean defense related genes studied were Laccase, PR-3, PR-10, PAL, and CHS. Fv virulence genes studied were FvTox1, PDA, and PL. The PDA and PL genes were selected because they are homologs of genes with known virulence functions in the pea pathogens F. oxysporum f. sp. pisi and N. hematococca. For instance, pisatin demethylase is an enzyme produced by microbial pathogens such as F. oxysporum to detoxify the plant phytoalexin pisatin (Coleman et al. 2011) . Pectate lyase is an pectin-digesting enzyme that plays important role in pathogen invasion and colonization of host tissue by degrading pectin in plant cell walls and middle lamellae (Cho et al. 2015) .
Validation of the PDA and PL genes predicted to be involved in To prepare infected plant material, soybean cultivar Williams 82 was sown in plastic containers (50.8 cm L × 26.67 cm W × 6.35 cm H) containing coarse vermiculite, and maintained under dark conditions with a temperature schedule of 16°C for 8h, 18.2°C for 1 h, 20.4°C for 1 h, 22.6°C for 1 h, 24.8°C for 1 h, 27°C for 8h, 24.8°C for 1 h, 22.6°C for 1 h, 20.4°C for 1 h, 18.2°C for 1 h. Seven-day-old seedlings were uprooted, and vermiculite was gently washed from roots with tap water. Three seedlings were placed in a 50-ml conical tube with 25 ml of a Fv conidial suspension (10 6 conidia/ml). For the noninoculated control plants, roots were immersed in 25 ml of sterile water. Seedlings were incubated at 22°C in the dark for 1, 3, 5, and 10 days after inoculation (DAI). The experiment was set up as a 2 × 4 factorial, with two Fv inoculation levels (10 6 conidia/ml and 0 conidia/ml) and four sampling times (1, 3, 5, and 10 DAI), in a completely randomized design. For each sampling time, the roots of the three seedlings in each tube were pooled, immediately frozen in liquid nitrogen and stored in −80°C until RNA preparation. The experiment was repeated two more times.
To prepare Fv mycelia, plugs from an Fv culture in solid Bilay media were transferred to liquid modified Septoria media (MSM) (Jin et al. 1996) , and incubated in darkness, at room temperature, for 2 weeks. The mycelia were then harvested, liquid medium removed by vacuum filtration, and dried mycelial tissues immediately frozen in liquid nitrogen, and stored in −80°C until use for RNA preparation. To obtain germinating conidia, conidia were harvested from 1/3-strength PDA plates and germinated in 10 ml MSM for 12 h. Conidia were centrifuged for 5 min at 6000 g and supernatant was removed. Conidia were washed 2 times with distilled water to remove residual media. Washed conidia were used directly for RNA preparation. For each sampling time, there were three replicate flasks of MSM for growing mycelium, and three replicate plates of 1/3-strength PDA for collecting conidia.
Hydroponic experiment. A hydroponic system was established under controlled environment to investigate the effect of different oxygen levels on soybean defense related genes and Fv candidate virulence genes. Soybean seeds of the SDS resistant and susceptible varieties were sown in 236 ml Styrofoam cups filled with sand-soil mixture infested with Fv as described above. The plants were then incubated at 24°C with a photoperiod of 16 h until the unifoliate stage (10 to 12 days after planting) to allow infection to occur. The preinfected seedlings were then transferred to plastic containers (5.6 liters) containing 4 liters of full-strength Hoagland's nutrient solution (MP Biomedicals, LLC, Santa Ana, CA). Seedlings were supported by a perforated Styrofoam sheet through which the root system was suspended in the solution.
The experiment consisted of three oxygen level treatments: (i) normal air conditions (21% O 2 ); (ii) hypoxic conditions (4% O 2 + 10% CO2 + 86% N 2 ); and (iii) anaerobic conditions (0% O 2, 100% N 2 ). Plants were kept in the nutrient solution trays 24 h before exposure to the gas treatments to allow adaptation to the hydroponic environment. The gas treatments were injected from premixed gas cylinders (Praxair Technology, Inc., Des Moines, IA) and bubbled into the nutrient solution. For each gas treatment, there were two plastic containers, each with 12 plants (3 replicate plants × 2 varieties × 2 sampling times).
Seedlings were collected at 6 and 12 h after the start of exposure to the oxygen treatments. In order to validate the hydroponic system, oxygen concentration of the nutrient solution was monitored using an oxygen meter (model MW600, Milwaukee instruments, Milwaukee, WI). In addition, the expression level of the anaerobic marker gene alcohol dehydrogenase (ADH1) was measured at 6 and 12 h, and the pH was adjusted to 4.5.
The experiment was conducted in three runs. Each run followed a split-plot design with gas treatment (normal, hypoxic, and anaerobic) as the main plot factor, and a 2 × 2 factorial combination of sampling times (6 and 12 h) and cultivar (resistant and susceptible) as the split plot factor. The resistant cultivar was used in all runs, while the susceptible cultivar was used in runs 2 and 3 only. To quantify change in gene expression of soybean defense-related genes and Fv candidate virulence genes, whole roots were collected at 6 and 12 h, and immediately frozen in liquid nitrogen and stored at −80°C until use. At each sampling time, root samples were collected by pooling 3 plants per variety, from each container, resulting in a pooled sample of 6 plants.
RNA extraction and cDNA synthesis for quantification of gene expression using qPCR. For RNA extraction, samples were ground to a fine powder in liquid nitrogen, and total RNA was extracted using the RNeasy mini kit (Qiagen, Germantown, MD). DNA contamination was removed using RNase-free DNase I (Invitrogen) following the manufacture's procedure. RNA quantity was determined using a Nano-Drop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE), and integrity was verified on 1% agrose gel. For cDNA synthesis, 0.5 mg of total RNA was reverse transcribed using Superscript III and random hexamers or Oligo (dT) primers (Invitrogen, Carlsbad, CA). Quantitative real-time PCR was performed using Perfecta SYBR Green fast mix (Applied Biosystems, Foster City, CA) and iQ5 detection system (Bio-Rad, Hercules, CA). The reaction mix consisted of 10 ml master mix, 0.5 ml of reverse and forward primers (250 nM final concentration), 8 ml of diluted cDNA, and the final volume was adjusted to 20 ml with RNase DNase free water (Invitrogen). The primers used to amplify each gene are shown in Supplementary Table S1 . The thermal cycling protocol was 3 min at 95°C, 40 cycles of 10 s at 95°C, 15 s at primer annealing temperature, and 30 s at 72°C, followed by melting curve data collection to check for nonspecific amplification and primer dimers. For gene expression analysis, each treatment had three biological replicates with two technical replicates. Relative gene expression was calculated using the 2 −DDct method (Livak et al. 2001) , in which the transcript levels of the target genes in normal air-treated seedlings were considered to be the basal levels during expression analysis, and b-Actin and 18s rRNA were used as internal control genes for host and pathogen, respectively. For validation of Fv candidate virulence genes, the transcript levels of the target genes in mycelia were used as the basal level, and FvTox1 as internal control gene.
Data analysis. Analysis of variance was performed for each assessment time (7, 14, and 21 DAF) using the PROC GLIMMIX procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC) to determine the main effect and interaction of factors on the following variables: root rot and foliar disease severity, Fv inoculum density, and plant dry weight matter. PROC GLIMMIX was also used to analyze the AUDPC for root rot and foliar disease severity. For disease severity, flooding treatment and cultivar were used as fixed effects, and replication and run were used as random effects. Data for the noninoculated control were not used in this analysis because the data consisted primarily of zeros. Data for root rot severity (%), foliar severity (%), and Fv density in soil (cfu/g soil) were available only for inoculated plants. For plant dry weight, data were analyzed for inoculated and noninoculated plants, to determine the effect of flooding alone and in combination with infection by Fv. Flooding treatment, cultivar, and inoculation were used as fixed effects, and replication and run were used as random effects. Fisher's Protected Least Significant Difference test was used to compare the differences in treatment means for root rot, foliar severity, dry weight, and Fv inoculum density among each level of flooding and inoculum at (P < 0.05).
Analysis of variance was performed using PROC GLIMMIX on the differential expression (fold change compared with normal air control) of Fv candidate virulence genes in mycelia, germinated conidia, and soybean root. The analyses were performed separately for each sampling time, and there were three replications per treatment.
For the hydroponics experiment, analysis of variance was performed using SAS procedure PROC MIXED. Gene expression analyses were performed separately for each sampling time. There was no significant main effect of cultivar and no significant cultivar by oxygen interaction, therefore the analysis was simplified by pooling cultivars. The analysis then treated runs as blocks, so the residual error is the interaction of runs and treatments. For each oxygen treatment, the five observations (three runs for the resistant cultivar, plus two runs for the susceptible cultivar) were averaged together, for each time. Oxygen treatment was used as a fixed effect and the experimental run used as random effect.
Results
Effect of flooding duration on SDS. Foliar and root rot severity. There was a significant main effect of flooding and cultivar on AUDPC for foliar and root rot severity (P < 0.0001). No significant interaction between flooding treatment and cultivar was observed; therefore, data are shown for the main effect of flooding treatment. AUDPC values for foliar and root rot severity were lower (P < 0.001) in plants exposed to 5-and 7-day flooding treatments compared with all other treatments (Table 1) , but there was no difference between the no-food treatment and the repeated short-term and 3-day flooding treatment (Table 1) . However, analysis conducted at each assessment time showed that foliar severity (Fig. 1) was greater in plants exposed to 3-day flooding treatment compared with no flood treatment at 14 DAF, whereas root rot was more severe (P < 0.001) in plants exposed to 3-day flooding treatment (Fig. 2) compared with no flood treatment at 7 and 14 DAF. Noninoculated plants did not show SDS foliar symptoms and root rot severity was consistently below 10% in all plants.
Fusarium virguliforme density in soil. Flooding had a significant effect on Fv population density in soil used to grow Williams 82 plants (P < 0.0001). At 7, 14, and 21 DAF, Fv population was lower (P < 0.0001) in the 7-day flooding treatment than in all the other treatments (Fig. 3) . No difference was observed in Fv population in the no-flooding treatment compared with RS, 3-day, and 5-day flooding, at all assessment times, except for 21 DAF when Fv density was greater in nonflooded soil compared with 5-day flooding (Fig. 3) .
Plant dry weight. There were significant main effects of flooding (P < 0.0001) and inoculation (P < 0.0001) on root dry weight, but no significant main effect of cultivar. There was also no significant 3-way interaction between flooding, cultivar, and inoculum (P > 0.48 at all assessment times), and no significant flooding by cultivar interaction at 14 and 21 DAF (P > 0.64), except at 7 DAF (P < 0.02). Therefore, data are presented with cultivars combined.
In noninoculated plants, flooding significantly affected root dry weight (P < 0.001). For instance, at 7 and 14 DAF, plants in the noflood and repeated short-term treatments showed greater root dry weight than plants flooded for 5-and 7-days (Fig. 4) . In inoculated plants, flooding for 3, 5, or 7 days significantly reduced root dry weight compared with the no-flood treatment at the 7-DAF assessment time only. Furthermore, inoculation with Fv reduced (P < 0.001) root dry weight in both nonflooded and flooded plants. For instance, at 21 DAF, plants in the no-flood treatment showed up to 76% reduction in root dry weight relative to noninoculated plants subjected to no flooding (Fig. 4) . Moreover, in inoculated plants exposed to flooding, reduction of root dry weight (P < 0.001) was also observed compared with noninoculated plants subjected to flooding, with the highest reduction 84% observed in repeated short-term flooding treatment at 21 DAF. A reduction in root dry weight was also observed in response to inoculation at 7 and 14 DAF, but was less pronounced.
For shoot dry weight, there were significant main effects of flooding and inoculation, but no significant effect of cultivar was observed. Also, there was no significant interaction between flooding and cultivar at all rating time points; therefore, cultivars were combined to present the effect of flooding on shoot dry weight. Flooding affected (P < 0.001) shoot dry weight of noninoculated plants at all assessment times, but did not affect shoot weight in inoculated plants. For instance, plants exposed to no-flood treatment had higher shoot dry weight compared with 5-and 7-day flooding treatments at all rating time points (data not shown). Moreover, shoot dry weight was lower (P < 0.001) in Fv inoculated plants compared with noninoculated plants, for all flood treatments and both soybean cultivars, at 21 DAF (data not shown).
Effect of oxygen level on the soybean-Fv interaction. Expression of Fv PDA and PL candidate virulence gene homologs. At all time points examined, both genes showed significant up-regulation Fig. 1 . Severity of foliar symptoms of soybean sudden death syndrome in soybean seedlings exposed to no flooding (NF), repeated short-term flooding (RS), and 3, 5, and 7 days of continuous flooding, and assessed 7, 14, and 21 days after start of flooding. Each point represents the mean of 60 replicates (10 cups × 3 runs × 2 cultivars). Fig. 2 . Severity of root rot symptoms of soybean sudden death syndrome in soybean seedlings exposed to no flooding (NF), repeated short-term flooding (RS), and 3, 5, and 7 days of continuous flooding, and assessed 7, 14, and 21 days after start of flooding. Each point represents the mean of 60 replicates (10 cups × 3 runs × 2 cultivars). Fig. 3 . Population density of Fusarium virguliforme in soil from the Williams 82 cultivar exposed to no flooding (NF), repeated short-term flooding (RS), and 3, 5, and 7 days of continuous flooding, and assessed 7, 14, and 21 days after start of flooding. Error bar represents the standard error of the mean (n = 9). Means with different letters are significantly different (P < 0.05). The data analysis showed no significant interaction between flooding treatment and cultivar; therefore, the resistant cultivar MN1606 and susceptible cultivar Williams 82 were combined for analysis. in soybean roots compared with mycelia and germinated conidia (P < 0.0001; Fig. 5 ), suggesting that both genes might be candidate virulence factors for Fv. Both genes showed different expression patterns over time. For example, PDA had the highest accumulation at 1 DPI, with expression declining at later time points, whereas the expression of the PL gene was highest at 10 DPI. Effect of oxygen level on soybean defense related genes in a hydroponic system. At 6 and 12 h, there was a significant (P < 0.01) upregulation of the ADH1 anaerobic marker gene under hypoxic and anaerobic conditions compared with normal air, indicating that the hydroponic system was successfully controlled. All defense-related genes tested were down-regulated in roots exposed to anaerobic conditions for 6 h compared with normal air or hypoxic conditions (P < 0.01), except for PR10 where no difference was observed between treatments (Fig. 6) . At 12 h, the same pattern was observed in the Laccase, PAL, and PR3 genes (P < 0.01), whereas no changes were observed for the CHS and PR10 genes. Gene expression did not differ between hypoxic and normal air conditions for all genes, at both time points.
Effect of oxygen level on F. virguliforme genes. At 6 h, significant down-regulation of the PDA and FvTox1 genes were observed in roots exposed to anaerobic or hypoxic conditions, respectively, compared with normal air (P < 0.01), whereas the PL gene showed no change. At 12 h, all Fv genes, except FvTox1, showed significant down-regulation in roots exposed to anaerobic conditions compared with normal air conditions (P < 0.01). The expression of Fv candidate virulence genes did not differ between normal and hypoxic treatments at both time points, except for FvTox1 and PL genes at 6 and 12 h, respectively, where significant down-regulation were observed (Fig. 7) .
Discussion
To the best of our knowledge, this is the first report of the effect of anaerobic and hypoxic conditions on the soybean-Fv interaction. This study showed that flooding influences SDS disease severity and Fv population density in soil under greenhouse conditions, and that the overall effect on SDS depends on duration of the flooding period. The short-term flooding periods of 3 days and repeated short-term flooding generally predisposed soybean seedlings to SDS, whereas continuous flooding for 5 or 7 days resulted in lower SDS severity. Additionally, this study has shown that low oxygen levels representative of those that might occur during flooding conditions (4% and 0% oxygen) generally decreased the expression of soybean defense-related genes and Fv candidate virulence genes.
Our findings on short-duration flooding support previous studies demonstrating that high soil moisture favors SDS epidemics (Melgar et al. 1994; Scherm and Yang 1996; Scherm et al. 1998) . Our study showed that 3 days of continuous flooding was more conducive to SDS root rot and foliar symptoms than no flooding. This provides experimental support for an observational study suggesting that years with flooding events tended to coincide with the most severe SDS epidemics. However, longer-term flooding of 5 or 7 days resulted in lower AUDPC for foliar and root rot severity compared with the other flooding treatments. This might explain an observation by Rupe and Gbur (1995) that flooding stress during soybean vegetative growth stages could delay or reduce SDS under field conditions. Flooding can also reduce incidence and severity in several other pathosystems. For instance, severity of Verticillium wilt of Chile pepper (Capsicum annuum L.) was less severe under periodic flooding compared with no-flood conditions (Sanogo et al. 2008) . Similarly, et al. (2004) showed that rice cultivars grown in flooded conditions were less susceptible rice to leaf blast caused by Pyricularia grisea compared with rice grown upland, where no flooding is used.
Our study suggests that one of the mechanisms underlying the reduction of SDS disease development in long-term flooding might be a reduction in Fv density in soil. A reduction in Fv CFU/g soil was observed after 5 and 7 days of flooding compared with the shorterduration flooding and no-flood treatments. Previous studies showed that reduction in population density of other Fusarium spp. in flooded soil might be attributed to the effect of anaerobic conditions (Bonanomi et al. 2010; Unger et al. 2009 ). For example, Ioannou et al. (1977) reported that 40 days of continuous flooding reduced microsclerotia production of Verticillium dahliae, and Niem et al. (2013) showed that 18 weeks of soil flooding at 20°C reduced viability of Sclerotinia sclerotiorum sclerotia.
It has been previously reported that flooding at early vegetative stages reduces root and shoot dry weights of soybean (Linkemer et al. 1998) . Similarly, in this study, flooding reduced root and shoot dry weights in noninfested plants exposed to 5 and 7 days of flooding compared with no-flood treatment. With the exception of 7 DAF, plants infected by Fv and exposed to flooding showed no difference in root and shoot dry weight compared with the no-flood control. However, for each flooding treatment, infection by Fv resulted in an additional reduction in plant dry weight compared with noninoculated plants exposed to the no-flood treatment, suggesting an additive effect of both stresses in reducing soybean root and shoot dry weight. This is consistent with a study by Kirkpatrick et al. (2006a) showing that flooding caused an additive effect in reducing soybean dry weight when plants were infected by Pythium ultimum.
At the molecular level, plants subjected to flooding or low-oxygen stresses have been shown to exhibit down-regulation of defense responses, cell wall biosynthesis, and lignification (Drew and Lynch 1980; Nanjo et al. 2011) . For example, in soybean, down-regulation Fig. 6 . Effect of oxygen level on the relative expression of soybean defense-related genes in Fusarium virguliforme infected soybean roots at 6 and 12 h post inoculation (hpi). Beta actin was used as an internal control and the normal oxygen treatment as the calibrator. Each treatment has three biological replicates and two technical replicates. Each bar represents the mean log fold-change of gene expression of three experimental runs, and the error bar indicates standard error of the mean (n = 5) averaged over the two soybean cultivars MN1606 and Williams 82. Columns with different letters are significantly different (P < 0.05). of genes related to biosynthesis of phenylpropanoids, lignin, and flavonoids were observed under flooding or low-oxygen stresses (Nanjo et al. 2011) . Consistent with this, our study showed that anaerobic conditions down-regulated key soybean defense response genes, such as Laccase, PAL, CHS, and pathogenesis-related proteins compared with normal oxygen levels, in inoculated plants. Laccase enzymes play an important role in defense response against fungal infection, including detoxification of fungal toxins and increase of cell-wall lignification (Lozovaya et al. 2006) . Laccase gene transcription abundance in Fvinoculated roots might play a role in partial resistance against SDSinoculated soybean (Iqbal et al. 2009 ). Phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS) are key enzymes in the phenylpropanoid pathway that play a crucial role in plant defense against pathogen infection (Yuan et al. 2008 ). In the soybean-Fv interaction, accumulation of PAL and CHS in roots of resistant soybeans has been shown in response to early infection by Fv (Iqbal et al. 2005) . Pathogenesis-related proteins play important roles in defense response against biotic and abiotic stresses (Xu et al. 2014) . As a sign of host defense induction, Radwan et al. (2011) reported accumulation of 31 PR-related genes in roots of Fv-infected soybeans. Results from our gene expression analysis suggest that down-regulation of some soybean defense-related genes under low-oxygen stress might be involved in the increased susceptibility of soybeans to Fv infection under wet soil conditions (De Farias Neto et al. 2006; Scherm and Yang 1996) .
From the pathogen side, our study suggests that low-oxygen stress can affect the expression of Fv candidate virulence genes, but expression level is dependent on the oxygen concentration and duration of exposure. For instance, two genes tested were down-regulated in Fvinfected soybean seedlings exposed to 12 h of anaerobic conditions, whereas no changes were observed between hypoxic and normal conditions except for the PL gene. FvTox1 is an Fv gene involved in causing SDS leaf symptoms (Pudake et al. 2013) . Pisatin demethylase is an enzyme produced by microbial pathogens such as F. oxysporum to detoxify the plant phytoalexin pisatin (Coleman et al. 2011) . Pecate lyase is an pectin-digesting enzyme that plays an important role in pathogen invasion and colonization of host tissue by degrading pectin in plant cell walls and middle lamellae (Cho et al. 2015) .
A previous report showed that the PDA gene was involved in pathogenicity of the pea pathogen N. hematococca (Han et al. 2001) , which is the closest relative of Fv in peas (O'Donnell 2000); however, there was no previous evidence that this gene is important in Fv. In the present work, we have confirmed that the PDA gene is rapidly induced in infected soybean roots compared with germinating conidia and mycelium, suggesting that it plays a role in Fv virulence.
The mechanisms underlying differential regulation of Fv candidate virulence genes under low oxygen conditions are not known. Previous studies have shown that some pathogens cannot survive anaerobic stress, while other pathogens can adapt to hypoxic conditions and colonize their hosts. For instance, F. oxysporum, Verticillium dahlia, and S. sclerotiorum were unable to persist and cause disease following 4 to 6 weeks of anaerobic soil disinfestation (Lamers et al. 2010) . It is possible that the down-regulation of the PL and PDA genes observed in our study was caused by inability of Fv to survive in anaerobic conditions, as also indicated by a reduction in Fv density in response to 7 days of flooding. A more comprehensive study is needed to investigate the effect of low-oxygen conditions on more host-defense and Fv candidate virulence genes and on disease development.
The results for the repeated short-term and 3-day continuous flooding treatments support our hypothesis that flooding increases SDS severity, but the opposite effect was observed with longer flooding periods. This pattern suggests that the overall effect of flooding on SDS depends on the duration of flooding and on the balance between the direct impacts of flooding on the pathogen and the host. For example, under shortduration flooding, soybeans were already stressed, as indicated by a reduction in dry weight in noninoculated plants, but the Fv population was apparently not yet affected. The observed increase in SDS severity maybe therefore has been due to greater predisposition of the stressed plants to high Fv levels. Under longer duration flooding, plants were stressed, but Fv density and enzyme activity in soil were then also decreased. This resulted in reduced infection of newly formed roots over time, leading to reduced root rot severity (expressed as a percentage of total root area), and reduced foliar symptoms. Furthermore, we observed that anaerobic and hypoxic conditions, representative of those that can occur during flooding stress, adversely affected key host defense response genes, which might explain increased SDS severity in soybean seedlings exposed to 3 days of continuous flooding compared with no flooding.
A limitation of our study is that the effects of flooding and oxygen levels on SDS were tested only on seedlings and under controlled environment conditions. Future work should validate the findings reported here by exposing plants to different flooding durations under field conditions, and also at different growth stages. If flooding is shown to predispose soybean to SDS in field conditions, future research could investigate if flood-tolerant soybean genotypes show enhanced resistance to SDS. Finally, further investigation of the effects of flooding on other factors, such as antagonistic microorganisms and soil physicalchemical properties, are also needed to better understand how flooding affects Fv survival and pathogenicity.
